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 C. cubensis and P. pinophilum enzyme extracts were optimally blended at 50:50.
 Enzyme synergy attained nearly 80% for ﬁlter paper activity.
 Glucan and xylan conversions of NaOH-pretreated sugarcane bagasse reached 63% and 93%.
 Hydrolysis at 50 C increased glucan and xylan conversions by 16–20% compared to 45 C.a r t i c l e i n f o
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Blending of the enzyme extracts produced by different fungi can result in favorable synergetic enhance-
ment of the enzyme blend with regards to the main cellulase activities, as well as the inclusion of acces-
sory enzymes that may not be as abundant in enzyme extracts produced by predominantly cellulase
producing fungi. The Chrysoporthe cubensis:Penicillium pinophilum 50:50 (v/v) blend produced herein pre-
sented good synergy, especially for FPase and endoglucanase activities which were 76% and 48% greater
than theoretical, respectively. This enzyme blend was applied to sugarcane bagasse previously submitted
to a simple alkali pretreatment. Glucan hydrolysis efﬁciency reached an excess of 60% and xylan conver-
sion exceeded 90%. Increasing the hydrolysis temperature from 45 to 50 C also resulted in a 16–20%
increase in conversion of both glucan and xylan fractions. The blended enzyme extract obtained therefore
showed great potential for application in the lignocellulose hydrolysis process.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Lignocellulosic biomass is the world’s most abundant renew-
able feedstock (Jarvis, 2003) and has the potential to be converted
to a number of different fuels and chemicals (Jørgensen et al.,
2007). Successful biochemical conversion of lignocellulosic bio-
mass requires a combination of efﬁcient and economical pretreat-
ment method, high monosaccharide yields during enzymatic
hydrolysis and efﬁcient conversion of these monosaccharides to
ethanol or the desired end-product (Jonsson et al., 2013).
For complete cellulose degradation the synergistic action of the
three cellulase enzymes is necessary: endoglucanases (EC 3.2.1.4),
cellobiohydrolases (EC 3.2.1.176) and b-glucosidases (EC 3.2.1.21).The hemicellulose fraction hydrolysis requires a more complex
group of enzymes, referred to as hemicellulases. Complete enzy-
matic hydrolysis of xylan, the major polymer founded in hemicel-
luloses, requires endo-b-1,4-xylanase (EC 3.2.1.8), b-xylosidase (EC
3.2.1.37) and several accessory enzymes including a-L-arabinof-
uranosidase (EC 3.2.1.55), a-glucuronidase (EC 3.2.1.139), a-galac-
tosidase (EC 3.2.1.22), acetylxylan esterase (EC 3.1.1.72) and ferulic
acid esterase (EC 3.1.1.73) (Van Dyk and Pletschke, 2012; Yeh et al.,
2010).
Conversion of cellulose to glucose at high solids concentrations
(e.g. >10%) is necessary for the economic viability of commercial
processes. Many published studies seek to achieve maximum con-
version efﬁciency, often at the expense of maximizing product
yield (Hu et al., 2011; Singh et al., 2013). Operation at high solids
concentration results in decreasing fractional conversion of the
feedstock compared to operation at lower concentration, however
it also allows for utilization of less water in the process and pro-
duction of a more concentrated product, ultimately leading to low-
er downstream processing costs (Hodge et al., 2008).
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hydrolysis is typically cited as the bottleneck due to the high cost
of commercial enzymes and/or low efﬁciencies. One of various dif-
ferent strategies to decrease the cost of hydrolysis is the applica-
tion of enzymes produced on-site, which can be used as a crude
extract as compared to a puriﬁed commercial extract (Falkoski
et al., 2013). Genetic alteration of speciﬁc enzyme-producing
microorganisms is another strategy commonly applied to maxi-
mize enzyme production and subsequent hydrolysis efﬁciency.
An alternative strategy for acquiring a more complete enzyme
cocktail includes blending of enzyme extracts with complementing
activities so as to obtain a more ample enzyme hydrolysis spec-
trum for degradation of hemicellulose fractions, which in turn
facilitates cellulose hydrolysis (Hu et al., 2011).
Matching of enzyme cocktails with the biomass feedstock and
pretreatment method is another of the subjects studied in-depth.
It appears that the majority of pretreatment methods published
in literature are acid-based thermochemical methods, with fewer
based on alkali pretreatments (Alvira et al., 2010). Alkali pretreat-
ment presents the advantage of lignin solubilization and retention
of both cellulose and hemicellulose fractions, and when combined
with an enzyme cocktail rich in hemicellulase enzymes, presents
the potential to hydrolyze nearly all pretreated biomass and also
to release hemicellulose-derived pentose sugars in an environment
free of strong acids and fermentation inhibitors (furfurals). Many
studies also present multiple integrated pretreatment steps, espe-
cially steam explosion or acid pretreatments plus a deligniﬁcation
step. These pretreated biomasses may consist of nearly 90% cellu-
lose and signiﬁcantly facilitate enzymatic hydrolysis, however pro-
cessing costs are also signiﬁcantly increased and may potentially
generate more environmentally harmful by-products (de Souza
et al., 2012; Wanderley et al., 2013).
Numerous studies utilize blends of commercial enzymes, typi-
cally blending mixtures of cellulase enzymes (endo and exo-glu-
canases) with b-glucosidases and additional hemicellulose
degrading enzymes (xylanases, arabinases, etc.) (Hu et al., 2011);
and many others utilize produced enzyme extracts supplemented
with the enzyme activities which appear to be in fault (Kovacs
et al., 2009). Blending of separate enzyme extracts is an alternative
which has received less attention, but shows great potential since
no activities are lost in concentration/puriﬁcation processes.
Blending of crude enzyme extracts can result in enzyme synergy,
resulting in enzyme activities greater than expected and therefore
improved hydrolysis efﬁciencies (Gottschalk et al., 2010). However
enzyme synergy is extremely complex and may be dependent on a
number of different factors (Kostylev and Wilson, 2011).
Selection of enzyme extracts for blending is typically based on
combining those which complement each other, e.g., a cellulase-
rich extract with a hemicellulase-rich extract. Strains of Tricho-
derma and Aspergillus are the most common cellulase-producing
fungi, however Penicillium pinophilum has also been studied and
its enzyme extract applied for hydrolysis of lignocellulose (Wood
et al., 1994). Contrarily, little has been published on application
of enzymes produced by Chrysoporthe cubensis for application in
lignocellulose hydrolysis (Falkoski et al., 2013), but it shows prom-
ise, especially in relation to production of accessory enzymes
which not only degrade hemicellulose fractions of biomass,
but facilitate degradation of cellulose by making it more accessible
to cellulase enzymes, as well as increasing synergism among
enzymes.
In the present study an enzyme cocktail was produced by
blending crude enzyme extracts from the fungi C. cubensis and P.
pinophilum. Enzymes were blended at different concentrations of
the two extracts to obtain preparations with different levels cellu-
lase and hemicellulase degrading enzymes, where synergy be-
tween the C. cubensis and P. pinophilum enzyme activities wasevaluated. The hydrolytic efﬁciency of the enzyme preparations
was determined by performing sacchariﬁcation assays and mea-
suring glucose and xylose released from the bagasse.2. Methods
2.1. Microorganisms and cultivation
2.1.1. C. cubensis
The fungus C. cubensis LPF-1 used in this study was obtained
from the mycological collection of the Forest Pathology Laboratory,
Federal University of Viçosa, MG, Brazil (Falkoski et al., 2013). The
fungus was maintained on PDA plates at 28 C and subcultured
periodically. The inoculum was prepared by growing the fungus
under submerged fermentation in 250 mL Erlenmeyer ﬂasks con-
taining 100 mL of medium with the following composition, in g/
L: glucose, 10.0; NH4NO3, 1.0; KH2PO4, 1.0; MgSO4, 0.5 and yeast
extract, 2.0. Each ﬂask was inoculated with 10 agar plugs cut out
of a 5 day-old colony of C. cubensis grown on PDA plates and incu-
bated in a rotary shaker for 5 days, at 150 rpm and 28 C. The cul-
ture obtained was aseptically homogenized with Polytron and
immediately used to inoculate the solid culture media.
For enzyme production via solid state fermentation, 250 mL
Erlenmeyer contained 12.5 g of wheat bran and 18.75 mL of the
culture media (ﬁnal moisture of 60%) consisting of, in g/L, NH4NO3,
1.0; KH2PO4, 1.5; MgSO4, 0.5; CuSO4, 0.25 and yeast extract, 2. Fur-
thermore, MnCl2 (0.1 mg/L), H3BO3 (0.075 mg/L), Na2MoO4
(0.02 mg/L), FeCl3 (1.0 mg/L) and ZnSO4 (3.5 mg/L) also were added
to the medium as trace elements. The ﬂasks were autoclaved at
120 C for 20 min and then inoculated with 5 mL (containing
1.5  107 spores/mL) of inoculum obtained as aforementioned.
The ﬂasks were maintained at 28 C in a controlled temperature
chamber and the enzymatic extraction was performed after 7 days
of fermentation. Enzymes secreted during SSF were extracted with
sodium acetate buffer, 50 mM, pH 5, at a ratio of 10:1 (buffer/dry
substrate), under agitation of 150 rpm for 60 min at room temper-
ature. Solids were separated by ﬁltration through nylon cloth fol-
lowed by centrifugation at 15,000g for 10 min; and the clariﬁed
supernatants were frozen and stored for subsequent enzymatic
analysis.2.1.2. P. pinophilum
The fungus P. pinophilum was isolated from agroindustrial resi-
dues at a cattle production facility in Minas Gerais, Brazil as part of
a bioprospecting study and selected due to its elevated cellulase
production (data not shown). It was maintained at the mycological
collection of the Laboratory of Biochemical Technology at Federal
University of Viçosa, MG, Brazil. The fungus was identiﬁed by the
Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands,
as P. pinophilum. It was routinely propagated on potato dextrose
agar slants at 28 C for 7 days and maintained at 10 C for 2–
10 days.
P. pinophilum was cultivated under submerged fermentation in
250 mL Erlenmeyer ﬂasks with 125 mL of a culture medium con-
sisting of (in g/L): KH4PO4, 1.5; NH4NO3, 1.0; MgSO4, 0.5; yeast ex-
tract, 1.5; peptone, 0.5; CaCl2, 0.2; MnCl2, 0.03; FeSO4, 0.025 and
ZnSO4 0.04, where knife-milled elephant grass (30 mesh) was used
as the carbon source at a concentration of 3% (w/v), previously de-
ﬁned as the carbon source that best induced enzyme production
(data not shown). The ﬂasks were autoclaved at 120 C for
20 min. Each ﬂask was inoculated with 9 agar plugs cut out of a
5 day-old colony of P. pinophilum grown on PDA plates and incu-
bated in a rotary shaker for 7 days at 150 rpm and 28 C. Solids
were separated by ﬁltration through nylon cloth followed by
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tants were frozen and stored for subsequent enzymatic analysis.
2.2. Protein determination
Protein concentration in the enzymatic extracts was deter-
mined by the Coomassie Blue binding method using bovine serum
albumin as the standard (Bradford, 1976).
2.3. Enzyme assays
All enzymatic assays were carried out in sodium acetate buffer,
100 mM, pH 5, at 50 C, and in triplicate so the mean values were
calculated and reported. Relative standard deviations of measure-
ments were below 5%. FPase and endoglucanase activities were
determined using Whatman No. 1 ﬁlter paper and carboxymethyl
cellulose as substrates respectively, according to previously de-
scribed standard conditions (Ghose, 1987). The total reducing su-
gar liberated during the enzymatic assays was quantiﬁed by the
dinitrosalicylic acid (DNS) method (Miller, 1959) using glucose as
a standard. Xylanase, mannanase and pectinase activities were
determined using xylan from birchwood (1% w/v at ﬁnal concen-
tration), locust bean gum (0.4% w/v) and polygalacturonic acid
(0.2% w/v) as substrates, respectively. The enzymatic reactions
were initiated by the addition of 100 lL of the appropriately di-
luted enzyme solution to 400 lL of the polysaccharide substrate
solution prepared in buffer. Reaction mixtures were incubated
for 30 min and the total reducing sugar released was determined
via the DNS method using xylose, mannose and galacturonic acid
as standards. b-Glucosidase, b-xylosidase, b-mannosidase, a-galac-
tosidase a-arabinofuranosidase and cellobiohydrolase activities
were measured using qPNGlc, qNPXyl, qNPMan, qNPGal, qNPAra
and qNPCel as substrates, respectively. The reaction mixtures con-
tained 100 lL of the appropriately diluted enzyme solution, 125 lL
of the synthetic substrate solution (1 mM at ﬁnal concentration)
and 275 lL of buffer. The reaction mixture was incubated for
30 min and stopped by addition of 0.5 mL sodium carbonate solu-
tion (0.5 M). Absorbance was measured at 410 nm and the amount
of q-nitrophenol released was estimated by a standard curve. Cel-
lobiase activity was assessed using 100 lL of the appropriately di-
luted enzyme solution, 125 lL of a cellobiose solution (8 mM at
ﬁnal concentration) and 275 lL of buffer. After 30 min the reaction
was stopped by boiling for 5 min and submitted to a glucose-oxi-
dase assay for glucose quantiﬁcation. For all activities, one unit
of enzymatic activity (U) was deﬁned as the amount of enzyme
that liberated 1 lmol of the corresponding product (glucose equiv-
alent, xylose, mannose, galacturonic acid and q-nitrophenol) per
minute, under the assay condition used.
2.4. Biomass pretreatment and composition analysis
Sugarcane bagasse was obtained from the Center for Research
and Breeding of Sugarcane of the Federal University of Viçosa, Bra-
zil, from which the sugars had already been extracted. In the labo-
ratory this was again washed and dried in an oven at 70 C until
reaching a constant mass, after which it was further milled (parti-
cle size less than 1 mm) and submitted to alkaline pretreatment
prior to being employed in sacchariﬁcation experiments. Sodium
hydroxide 1.5% was used to pretreat the milled sugarcane bagasse
samples at a solid loading of 10% (w/v); and treatments were per-
formed in an autoclave at 120 C for 60 min. The pretreated mate-
rials were separated into solid and liquid fractions using a Buchner
funnel ﬁtted with ﬁlter paper. The solid fraction was washed thor-
oughly with distilled water, sealed in a hermetic vessel to retain
moisture and stored at 20 C.Chemical composition of the untreated and alkali-treated sug-
arcane bagasse samples were determined using a modiﬁed Klason
lignin method derived from the TAPPI Standard Method T222 om-
98 (TAPPI, 1999). Extractive-free biomass (0.3 g) was incubated at
30 C with 3 mL of 72% H2SO4 for 1 h with occasional mixing. The
slurry was then transferred into a penicillin bottle containing
84 mL of deionized water and the ﬂask was sealed with a rubber
stopper and aluminum seal. The bottle was placed in an autoclave
calibrated at 118 C for 1 h, then the slurry was ﬁltered through a
medium coarseness sintered glass ﬁlter for gravimetric determina-
tion of acid-insoluble lignin. Concentrations of biomass sugars
(arabinose, galactose, glucose, xylose, and mannose) in the ﬁltrate
were quantiﬁed using high-performance liquid chromatography
(HPLC), while acid-soluble lignin was determined by absorption
measurements at 205 nm (TAPPI, 1991). The HPLC system Dionex
DX-300 (Dionex Co. – Sunnyvale, CA, USA) was equipped with a
Carbopac PA1 column and a pulsed amperometric detector with
a gold electrode. Prior to injection, samples were ﬁltered through
0.45-lmHV ﬁlters and a volume of 20 lL was loaded into the chro-
matograph system. The column was pre-equilibrated with a NaOH
solution, 300 mM, and elution was carried out at a ﬂow rate of
1.0 mL/min at room temperature.
2.5. Preparation of C. cubensis and P. pinophilum enzyme blends and
enzyme activity synergism
Enzyme blends were obtained by mixing the supernatants of
the two fungi cultures at the following C. cubensis:P. pinophilum ra-
tios: 25:75, 50:50 and 75:25. FPase, endoglucanase, b-glucosidase
and xylanase activities were measured for the individual C. cuben-
sis and P. pinophilum extracts as well as in the blends. The blended
enzyme extracts were concentrated using a Micron ultraﬁltration
unit (Millipore Corporation, Bedford, MA) for later application in
sugarcane hydrolysis assays.
To investigate the presence of synergy of enzyme activity in the
blends, the different theoretical activities were calculated based on
the equation: (C. cubensis ratio  C. cubensis enzyme activity) + (P.
pinophilum ratio  P. pinophilum enzyme activity). This theoretical
value was compared the actual measured activity, and synergism
was expressed as a percentage of the theoretical activity.
2.6. Enzymatic hydrolysis
Enzymatic hydrolysis was performed in 125 mL Erlenmeyer
ﬂasks with 50 mL working volume, subjected to mechanical agita-
tion and an external water bath for maintaining the desired hydro-
lysis temperature. Flasks were loaded with the predetermined
amounts of biomass and enzyme, as well as a calculated volume
of 1 M sodium acetate buffer (pH 5.0) to result in a ﬁnal concentra-
tion of 50 mM. Tetracycline (40 mg/L) and azide (10 mM) were
added to prevent contamination. The ﬂasks were plugged with
rubber stoppers through which a needle was used for sampling
at predetermined times.
Analysis of hydrolysis efﬁciency compared the theoretical sugar
yield based on full conversion of polysaccharides to monosaccha-
rides with the actual measured monosaccharide concentration.
Theoretical monosaccharide concentration is obtained by multi-
plying the concentration of polysaccharide by 1.11 for six carbon
sugars or 1.136 for ﬁve carbon sugars.
2.7. Hydrolysis product analysis
Products of the sacchariﬁcation assays were analyzed by high
performance liquid chromatography (HPLC) with a Shimadzu ser-
ies 10A chromatograph. The HPLC was equipped with an Aminex
HPX-87P column (300  7.8 mm) and refractive index detectors.
Table 1
Protein concentrations and activities of the crude enzyme extracts and the different blends.
Total proteins (mg/mL) Activities (U/ml)
FPase Endoglucanase b-glucosidase Xylanase
C. cubensis 0.39 0.18 2.95 5.6 19.77
P. pinophilum 0.18 0.51 5.55 1.67 22.77
25:75 C. cubensis:P. pinophilum 0.23 0.71 6.25 2.73 22.64
50:50 C. cubensis:P. pinophilum 0.28 0.61 6.36 3.67 26.45
75:25 C. cubensis:P. pinophilum 0.34 0.32 4.02 5.87 24.41
Values are the average of three repetitions and standard deviations did not exceed 10% of the mean.
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80 C.Fig. 1. Synergistic enhancement of the FPase, CMCase, b-glucosidase and xylanase
activities using mixtures of the C. cubensis and P. pinophilum preparations at ratios
of 25:75, 50:50 and 75:25.3. Results and discussion
3.1. Protein content and activities of the enzyme cocktail
Initially the protein concentrations and activities of the differ-
ent enzyme mixtures analyzed for the assessment of synergy were
determined and compared (Table 1). As was expected, the crude
enzyme extracts from C. cubensis and P. pinophilum showed sub-
stantial differences. Protein concentration of the extract from C.
cubensis was more than two times that of P. pinophilum, and this
may be due to the fact that C. cubensis was grown in solid state
conditions which permitted greater protein concentration. One of
the major advantages of solid state fermentation is the acquisition
of a concentrated enzymatic product (Hölker et al., 2004).
C. cubensis produces a crude enzyme extract exceptionally rich
in b-glucosidase when cultivated in solid state (roughly three times
greater than P. pinophilum per total volume), while the extract from
P. pinophilum produced in submersed culture presents higher
activities for FPase (about 2.8 times greater) and endoglucanase
(approximately 1.9 times greater).
Synergy is deﬁned as the interactions that occur between two or
more hydrolytic components, producing a total effect greater than
the sum of the effects of the individual components. Synergy of the
two crude enzyme extracts was evaluated by comparing the mea-
sured activities of FPase, endoglucanase, b-glucosidase and xylan-
ase with the theoretical activities expected based on simple
mixing. Activities of the different blends of C. cubensis and P. pino-
philum indicated synergetic action between the two substrates,
especially with respect to FPase and endoglucanase in the 50:50
blend (Fig. 1).
The 50:50 blend presented the highest levels of synergism for
FPase, endoglucanase and xylanase with synergy values of 76%,
50% and 24%, respectively, but nearly no synergism for b-glucosi-
dase enzymes (Fig. 1). It is known that b-glucosidase plays an
important role in ﬁlter paper activity, but because b-glucosidase
activity was relatively high in the enzyme blend (5.8 times FPase
activity), it did not limit ﬁlter paper hydrolysis. The 25:75 blend
also presented high synergy for FPase (67%). Contrarily, the 75:25
cocktail presented a b-glucosidase synergy value of 27%, the high-
est among the different cocktails, but the lowest values of both
FPase and endoglucanase. Due to the high synergy of FPase in
the 50:50 cocktail, this was selected as the most promising for uti-
lization in biomass hydrolysis. Despite the poor synergy among b-
glucosidase enzymes, posterior analyses of the hydrolysis potential
of the 50:50 blend showed that it was efﬁcient.
Many studies on the synergistic effects of enzymes in the ligno-
cellulose hydrolysis process are based on the hydrolysis process it-
self, typically supplementing a speciﬁc enzyme or enzyme cocktail
with another individual enzyme, which may also be considered as
addition effects (Hu et al., 2011; Zhang et al., 2013). Studies that di-rectly assess enzyme activities when blending different enzyme
extracts are less common in literature. A study performed by Got-
tschalk et al. (2010) presented activities of the same four enzymes
as in the present study when blending enzyme extracts from Trich-
oderma reesei and Aspergillus awamori at different proportions.
These authors also found signiﬁcant enzyme synergy, especially
with relation to ﬁlter paper and carboxymethyl cellulase activities
which for some blends exceeded 100%. However, in the same study
a trend was observed in enzyme synergy, where FPase and car-
boxymethyl cellulase activity decreased linearly when decreasing
the concentration of the Trichoderma reesei extract. In the present
study there were no linear trends, but signiﬁcant synergetic effects
were observed. Synergy of FPase activity may be partially due to
the fact that the C. cubensis extract showed signiﬁcantly higher cel-
lobiohydrolase activity than that of P. pinophilum, where upon
blending, an optimal mixture of cellulase enzymes was obtained.
The speciﬁc reasons for these synergetic effects are unknown,
and ﬁlter paper activity is considered even more complex since a
number of different enzymes may affect FPase activity.
Upon determining that the most attractive enzyme cocktail for
lignocellulosic biomass degradation was that composed of 50:50 C.
cubensis:P. pinophilum, this blend was produced in larger quantity
and partially concentrated (10 times). At this point the enzyme
activities were again assessed, including a broader spectrum of
activities (Table 2). The total protein concentration was 2.89 mg/
mL. Few studies present such an extensive characterization of an
enzyme extract, however a prior study of the fungus C. cubensis
indicated that when comparing enzyme activities on a 1:1 FPU ba-
sis, the C. cubensis extract was more efﬁcient for sugarcane bagasse
hydrolysis than a commercial cellulase product (Falkoski et al.,
2013).
Comparing the activities of cellulases and accessory enzymes
from the P. pinophilum and C. cubensis extracts indicated that C.
cubensis was a greater producer of cellobiohydrolase, cellobiase,
Table 3
Composition of the raw and pretreated sugarcane bagasse.
Biomass component Untreated bagasse Pretreated bagasse
Glucan 52.8 59.2
Xylan 19.1 22.3
Arabinan 1.6 2.1
Lignin 22.1 11.4
Values are the average of three repetitions and standard deviations did not exceed
10% of the mean.
Table 2
Enzymatic activities of the 50:50 enzyme blend.
C. cubensis P. pinophilum Un-concentrated 50:50 blend Concentrated 50:50 blend
Protein concentration (mg/ml)
Total proteins 0.39 0.18 0.28 2.89
Enzyme activities (U/ml)
Fpase 0.18 0.51 0.61 4.45
Endoglucanase 2.95 5.55 6.36 41.67
Cellobiohydrolase 1.09 0.12 0.20 1.79
b-Glucosidase 5.60 1.67 3.67 21.15
Cellobiase 1.70 0.78 1.67 16.50
Xylanase 19.76 22.76 26.45 282.88
b-Xylosidase 0.01 0.01 0.07 0.23
a-Galactosidase 0.14 0.63 0.23 1.98
a-Arabinofuranosidase 0.52 0.27 0.25 2.14
b-Mannosidase 0.02 0.00 0.02 0.19
Mannanase 1.06 0.76 1.42 13.93
Pectinase 1.58 1.25 1.79 17.54
Values are the average of three repetitions and standard deviations did not exceed 10% of the mean.
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presenting activities that were 9.4, 2.2, 1.9, 15.6, 1.4 and 1.2 times
greater than those of the P. pinophilum extract. P. pinophilum pre-
sented greater activities of b-xylosidase and a-galactosidase that
were 1.7 and 4.6 times greater than those of C. cubensis, respec-
tively. This conﬁrms the fact that C. cubensis plays a fundamental
role in providing enzymes to the blend presented in Table 2 that
assist in breaking down hemicellulose and providing greater access
to cellulose, especially with respect to cellobiohydrolase activity
which plays an important role in the glucose liberation process.
The enzyme activities presented in Table 2 presents a more exten-
sive indication of enzyme synergy, as well as the effects of ultraﬁl-
tration for concentration of the enzyme blend.
The good synergy results obtained in the present studymay also
be partially attributed to the different cultivation techniques of the
two fungi (submersed and solid state), since these different meth-
ods may induce the production of enzymes with different proper-
ties (Singhania et al., 2010). Solid state fermentation (SSF) for
production of enzymes with potential to degrade lignocellulose
presents multiple advantages compared to submersed fermenta-
tion (SmF), highlighting lower water demand, high concentration
of the product (Hölker et al., 2004) and reduced costs of up to
10-fold (Tengerdy, 1996). Based on the data obtained in the pres-
ent study, where one enzyme extract is obtained via SmF and the
other by SSF, enzymes produced via SSF may be directly solubilized
in the SmF extract, thus minimizing downstream processing costs
for enzyme concentration.
3.2. Application of the enzyme cocktail
3.2.1. Biomass pretreatment
Sugarcane bagasse was utilized as a model substrate for sac-
chariﬁcation experiments due to its availability as a potential lig-
nocellulosic feedstock in Brazil. Prior to enzymatic hydrolysis, it
was submitted to thermochemical pretreatment with 1.5% NaOH
at 120 C in which approximately 50% of lignin was removed, thus
facilitating enzyme attack of the cellulose and hemicellulose frac-
tions (Table 3).
3.2.2. Sacchariﬁcation
Previous studies have indicated the importance of hemicellulas-
es, especially xylanases, in enzyme cocktails to improve hydrolysis
of both cellulose and hemicellulose fractions to their respective
monosaccharides (Hu et al., 2011). Therefore, sacchariﬁcation as-
says were performed using the 50:50 enzyme blend previously de-
ﬁned in Section 2.1. The initial enzyme hydrolysis tests compareddifferent enzyme loading and solid loading levels on the rate of su-
gar release (g/g/h) and the total yield deﬁned as sugar (glucose or
xylose) produced per unit of feedstock (g/g).
The major beneﬁcial effect of supplementing hemicellulase en-
zymes to cellulase enzymemixtures has frequently been suggested
to increasing cellulose accessibility to the cellulase enzymes due to
the removal of hemicellulase ﬁbers on the outer surface of the pre-
treated pulp ﬁbers (Várnai et al., 2011). Cellulase + xylanase en-
zyme blends are not as efﬁcient as the blend acquired in the
present study (Hu et al., 2011; Sills and Gossett, 2011); and this
is probably due to the great extent of accessory enzymes provided
by the C. cubensis enzyme extract. These additional enzymes assist
in hydrolysis of hemicellulose ramiﬁcations (Rakotoarivonina
et al., 2012). C. cubensis is a producer of large quantities of hemicel-
lulase and other accessory enzymes, as proven when comparing
the two enzyme extracts and in the study performed by Falkoski
et al. (2013) when comparing enzyme activities as a function of
FPase activity. Furthermore, the fact that C. cubensis was a major
producer of cellobiohydrolase activity when compared with P.
pinophilum resulted in synergy of FPase activity due to the impor-
tance of this enzyme for glucose liberation. Additionally, when
combined with an alkali pretreatment this supplementation per-
mits for liberation of additional monosaccharide sugars from
hydrolysis of the preserved hemicellulase fraction, and due to the
minimal solid lignin concentration nearly complete breakdown of
the pretreated biomass is achieved (Alvira et al., 2010).
Enzyme and solids loading had signiﬁcant effects on both
hydrolysis efﬁciency and yield of product sugars (glucose and xy-
lose). Based on the pretreated biomass composition, theoretical
conversion of glucan would yield 47.4 and 71.1 g/L of glucose for
the solid loadings of 8% and 12%, respectively, while theoretical
yields of xylose from xylan are 17.8 and 26.8 g/L for the same solids
loadings. Small concentrations of cellobiose were observed in the
initial hours of hydrolysis, but after 24 h no accumulation was ob-
served. Fig. 2 indicates the importance of these variables by
Fig. 2. Glucose (A) and xylose (B) liberation curves from hydrolysis performed at 45 C and 200 rpm magnetic agitation with the following enzyme and solid loadings:
10 FPU/g and 8% biomass (open circle), 10 FPU/g and 12% biomass (ﬁlled triangle), 20 FPU/g and 8% biomass (ﬁlled circle), and 20 FPU/g and 12% biomass (open triangle).
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hydrolysis period of 120 h.
Robustness of the enzyme cocktail produced in the present
study can also be veriﬁed when comparing hydrolysis efﬁciency
at similar enzyme and solid loadings. In a study utilizing a com-
mercial cellulase extract supplemented with b-glucosidase, it was
necessary to utilize a two-step pretreatment stage (steam explo-
sion + deligniﬁcation via NaOH) to acquire signiﬁcant hydrolysis
efﬁciencies in the range of 70% (Table 4). Without the deligniﬁca-
tion step conversion efﬁciency was limited to 40%, obtained after
about 40 h with minimal increase from 40 to 120 h (Wanderley
et al., 2013). In the cited study the glucan percentage in biomass
submitted to both pretreatment steps was 87%, which signiﬁcantly
improves hydrolysis efﬁciency because enzymes have greater ac-
cess to cellulose and lignin does not build up in fed-batch type pro-
cessing. In another study utilizing a Formaline pretreatment
process, pretreated biomass consisted of 86% glucan, where even
for enzyme and solid loadings of 10 FPU/g and 20%, respectively,
in a fed batch process, glucan conversion efﬁciencies exceeding
70% were obtained (glucose concentrations exceeding 120 g/L)
(Zhao et al., 2013). However, this process requires using formic
acid concentrations in the range of 70–90 wt.%, followed by
deformylation with a base (Zhao and Liu, 2012), again adding sig-
niﬁcant costs to the overall biomass to liquids process.
As expected, both glucose and xylose liberations were higher
when increasing the quantity of the enzyme blend added to the
biomass slurry. Maximum glucose and xylose conversions of
63.8% and 93.3%, respectively, were therefore obtained for the con-
ditions of 8% solids loading and 20 FPU/g enzyme loading. The low-
est conversions were obtained for the solids loading of 12% and
enzyme loading of 10 FPU/g (36.0% and 59.2%). In all cases the ﬁnal
percent yield of xylose was 20–30% greater than that of glucose.
This is one of the advantages of combining a deligniﬁcation pre-
treatment (alkali) with utilization of a hemicellulase rich enzymeTable 4
Pretreated sugarcane bagasse hydrolysis treatments and efﬁciencies.
Treatments
Enzyme loading (FPU/g) 20 20 10 10 10
Solids loading (%) 8 12 8 12 12
Temperature (C) 45 45 45 45 50
Glucan conversion (%) 63.8 50.1 43.9 36.0 41.9
Xylan conversion (%) 93.3 74.6 68.3 59.2 71.6cocktail, where it is possible to obtain a much larger soluble mono-
saccharide concentration when compared to acid pretreatment
(hemicellulose removal) due to the presence of xylan and absence
of lignin.
The acquisition of elevated hydrolysis efﬁciencies is the objec-
tive of numerous studies published in literature, but often this is
at the expense of increased solids loading which ultimately results
in lower monosaccharide concentrations (Kristensen et al., 2009).
Gottschalk et al. (2010) presented glucan and xylan hydrolysis efﬁ-
ciencies of 80% and 90%, respectively, when using an enzyme cock-
tail from fungi extracts, however a solids loading of only 2% was
used. The same was also observed in the study performed by Hu
et al. (2011) who showed elevated hydrolysis efﬁciencies when
supplementing a cellulase cocktail with xylanase enzymes at a sol-
ids loading of only 2%. These authors used a total protein loading of
35 mg/g cellulose, further indicating the great potential of the
cocktail produced in the present study since protein loadings were
signiﬁcantly lower. High sugar concentrations obtained via hydro-
lysis decrease the energy demands required to further concentrate
these sugars prior to fermentation. In the case of ethanol produc-
tion, development of pentose fermenting microorganisms would
permit signiﬁcant increases in ethanol yields since a mixture of
pentose and hexose sugars is generated. However, there are addi-
tional bioprocessing routes that can be utilized for pentose sugar
processing (Bondesson et al., 2013; Dumon et al., 2012).3.2.3. Assessment of temperature
The sacchariﬁcation temperature of 45 C was selected as a
function of thermostability of the P. pinophilum enzyme extract,
since at 50 C the FPase activity decreased to half that at 45 C in
less than 50 min (data not shown). However, to determine if the
same behavior would be observed for the C. cubensis:P. pinophilum
50:50 blend a sacchariﬁcation assay was performed at 50 C, using
the same conditions that lead to the poorest hydrolysis yields in
the prior experiment performed at 45 C.
The increase in temperature appeared to show no change in en-
zyme activity loss in comparison with that performed at 45 C,
since the slope of the line for the assay performed at 50 C is
slightly more accentuated for the period from 40 to 120 h
(Fig. 3). As expected, over the course of time the treatments with
increased enzyme loadings showed higher reaction velocities
(Fig. 4). However, it is interesting to note the effect of temperature
in this case. The initial hydrolysis velocity of the sacchariﬁcation
assay at 50 C utilizing the lower enzyme loading (10 FPU/g) and
Fig. 4. Reaction velocity of glucose liberation over the 120 h hydrolysis period.
Insert A corresponds to the dashed region to provide greater detail: 20 FPU/g, 12%
biomass and 45 C (4); 20 FPU/g, 8% biomass and 45 C (s); 10 FPU/g, 12% biomass
and 50 C (j); 10 FPU/g, 12% biomass and 45 C (.); and 10 FPU/g, 8% biomass and
45 C (d).
Fig. 3. Comparison of the enzymatic hydrolysis proﬁle for glucose (solid shapes)
and xylose (hollow shapes) at the temperatures of 45 C (triangles) and 50 C
(circles) with enzyme loading of 10 FPU/g biomass and solids loading of 12%.
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between 10 and 30 h the curves for both assays with 10 FPU/g en-
zyme loading and 12% biomass performed at 45 C and 50 C were
nearly identical. Even more striking is the fact that while all treat-
ments conducted at 45 C tended to show slight declines in reac-
tion velocity during the ﬁnal hours of hydrolysis (from 80 to
120 h), the reaction conducted at 50 C maintained a steady reac-
tion velocity (inset of Fig. 4).
4. Conclusion
The synergetic action of the two enzyme extracts from C. cuben-
sis and P. pinophilumwas conﬁrmed to be beneﬁcial with respect to
enzyme activities, especially FPase and endoglucanase. Hydrolysis
yields obtained with the P. pinophilum:C. cubensis 50:50 blend were
considered good based on utilization of a weak alkali pretreatment,
low enzyme loading and high solids loading. Increasing tempera-
ture from 45 to 50 C resulted in signiﬁcantly higher hydrolysis
yields, indicating potential for even higher monosaccharide yields.
Future studies may seek to evaluate higher enzyme loadings sincethe hydrolysis curves showed continued enzyme activity even after
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